A series of color-tunable emitting Na 3 Sc 2 (PO 4 
Tunable luminescence evolution and energy transfer behavior of Na 3 
Introduction
When replacing cations in certain hosts, rare earth elements are important activators for modern lighting and display applications, because they have rich emission colors for spectral conversion. [1] [2] [3] [4] [5] Recently, rare earth ion-doped inorganic materials have drawn a great deal of attention due to their many applications in optics, magnetics and catalysis. [6] [7] [8] In the lighting eld, compared with traditional incandescent lighting, white light-emitting diodes (w-LEDs) are favored due to their higher conversion efficiency and more exible photometric properties. [9] [10] [11] Now, the main manufacturing technology of w-LEDs relies on the combination of a blue InGaN chip and a yellow light-emitting phosphor Y 3 Al 5 O 12 :Ce 3+ (YAG). Although this method shows high efficiency, it exhibits a high correlated color and low color rendering index (R a < 80) because of the lack of a red component. 12 Currently, a new type of w-LEDs assembly which is made by ultraviolet or near ultraviolet excitation single matrix multicolor uorescent powders is widely used. 13 Therefore, due to the need to increase the efficiency of white light emitting solid state devices, the development of the technique of combining a UV LED chip with tricolor (red, green and blue) phosphors has been proceeding. In this case, recent research has focused on nding converted luminescent phosphors with suitable emission colors, high efficiencies and high chemical stability.
Researchers have studied a variety of inorganic materials, including silicates, aluminates, phosphates, nitrides, molybdates and tungstates. Among them, the rare earth ion-doped phosphate materials have attracted much attention because of their abundance, good chemical stability and low sintering temperature.
14-18 Luminescence of rare earth ions in orthophosphates with the general formula M 28 Among these research reports, the high temperature solid-state reaction method is the most common route to produce orthophosphates. However, it has many disadvantages such as complex experimental conditions, cumbersome procedures and high reaction temperatures (such as 1300 C).
25-31
Therefore, from the point of view of simplicity and energy saving, there is still an urgent need to develop a simple and mild solution phase method to produce pure orthophosphate micro/ nanocrystals. Luminescent lanthanide ions can be divided into two categories: 4f-4f and 5d-4f transitions, respectively. Due to the strict ban of 4f-4f transitions, their emission peak widths are very narrow and xed. For 5d-4f transitions, the 5d orbitals are exposed to the environment and their emission spectra are strongly inuenced by the host, such as the strength of the crystal eld. 32 We know that the energy transfer process may be affected by the presence of carrier traps or defects in the host lattice. Therefore, it is possible for the tiny dopants with different affinities to change the trap conguration and thus signicantly improve the efficiency. 33 ,Tb 3+ phosphors have been synthesized using the same method above except for different stoichiometric amounts of RECl 3 (RE ¼ Sc, Ce, Eu and Tb). Our sample synthesis has good reproducibility, which can also be seen from the XRD, SEM and PL results of the samples in the Results and discussion section.
Characterization
X-ray power diffraction (XRD) measurements were performed on a Purkinje General Instrument MSALXD3 using Cu Ka radiation (l ¼ 0.15406 nm). The morphology analysis was carried out on a eld emission scanning electron microscopy (FESEM, Hitachi, S-4800). The PL excitation and emission spectra were detected by an F-7000 spectrophotometer (Hitachi, Japan) equipped with a 150 W xenon lamp as excitation source. The decay lifetimes were measured by FLS980 (Edinburgh Instrument).
Results and discussion

Phase, structure and morphology
The crystal structure and phase composition of the samples were studied by X-ray diffraction (XRD). Fig. 1A shows the XRD patterns of pure NSPO (a), NSPO:0.1Ce 3+ (b), NSPO:0.1Tb 3+ (c), Table S1 (ESI †). In the monoclinic NSPO structure, each Sc 3+ ion is coordinated by its nearest six oxygen atoms to form a regular quadrangular pyramid where Sc 3+ ion is located in the symcenter. The Na + ion is coordinated by eight oxygen atoms.
The NSPO compound with lattice constants a ¼ b ¼ 8.931 and c ¼ 22.3267 crystallizes in the R 3c space group. The relevant atomic parameter data are listed in Table S2 (ESI †). As shown in Fig. 1C , we found that the NSPO products are relatively uniform nanoparticles with smaller size of 300 nm comparing with the literature reports [26] [27] [28] (Fig. S1 , ESI †). (Fig. 2a) .
Photoluminescence properties
46,47
We compared the PL and PLE of the Na spectrum of the sample by ceramic method appears to be more rened and has higher luminous intensity at 654 and 699 nm, which can be attributed to higher crystallinity caused by the ceramic method at higher temperature. In the PLE spectra of Compared with Fig. S2A(a) , † there was no peak at 297 nm in Fig. S2B(a) † because of the overlap of the CTB band and the 7 F 0 / 5 F J transition of Eu 3+ . The excitation spectrum of the sample by ceramic method appears to be more rened, which can be also attributed to higher crystallinity caused by the ceramic method at higher temperature. Fig. 2b (Fig. 2a and b) , a meaningful spectral overlap was observed, which facilitated the transfer energy from Tb 3+ to Eu 3+ . Fig. 2c shows the PLE and PL spectra of the typical NSPO:0.1Tb 3+ ,0.1Eu 3+ sample. The excitation spectra under the detection wavelength of 619 nm and 548 nm (Fig. 2c) For more directly observing the changes of relative emission intensity, Fig. 4 ) can be achieved through the exchange interaction or electric multipolar interaction.
49 If the energy transfer is caused by the exchange interaction, the critical distance between the sensitizer and the activator should be less than 3-4Å. In contrast, electrical multipolar interaction may dominate. 50 The critical distance R c of energy transfer was calculated by using the concentration quenching method, where the critical distance R c can be calculated by the following formula presented by Blasse:
Here V is the unit cell volume, x c is the critical concentration and N refers to the number of formula units per unit cell. For the NSPO host, V ¼ 1542.20Å
3 , x c ¼ 0.085 and N ¼ 6. Based on the above formula, the critical distance for energy transfer is estimated to be about 17.94Å. The value is longer than 3-4Å, indicating that the energy transfer mechanism is controlled by electrical multipolar interaction in this system. We have further discussed the energy transfer mechanism for electrical multipolar interaction, which can be determined using the following relationship:
Here h 0 and h are the luminescence quantum efficiencies of Tb 3+ in the absence and presence of Eu 3+ , respectively; and the values of h 0 /h can be approximately calculated by the ratio of related luminescence intensities (I S0 /I S ); C is the concentration of the sum of Tb 3+ and Eu 3+ ; and n ¼ 6, 8 and 10 correspond to dipole-dipole, dipole-quadrupole and quadrupole-quadrupole interaction, respectively. The relationships between I S0 /I S and C (Tb 3+ +Eu 3+ ) n/3 are illustrated in Fig. 5 and C (Tb 3+ +Eu 3+ ) 10/3 , respectively. 
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